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The design of the active region structures, including the modifications of structures of the quantum barrier (QB) and
electron blocking layer (EBL), in the deep ultraviolet (DUV) AlGaN laser diode (LD) is investigated numerically with
the Crosslight software. The analyses focus on electron and hole injection efficiency, electron leakage, hole diffusion,
and radiative recombination rate. Compared with the reference QB structure, the step-like QB structure provides high
radiative recombination and maximum output power. Subsequently, a comparative study is conducted on the performance
characteristics with four different EBLs. For the EBL with different Al mole fraction layers, the higher Al-content AlGaN
EBL layer is located closely to the active region, leading the electron current leakage to lower, the carrier injection efficiency

to increase, and the radiative recombination rate to improve.
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1. Introduction

Deep ultraviolet (DUV) laser diodes (LDs) can possess
a variety of applications related to chemical analysis, med-
ical and biological reagent detection, diagnostic equipment,
high-density data storage, water purification, and material
processing.!'=# Semiconductors containing nitrogen and triva-
lent elements (such as GaN, InGaN, and AlGaN) are very
important for modern optoelectronic applications, including
being used as LD active materials and light sources. These
nitrides typically possess a high energy bandgap and conse-
quently by very high electron density and hole density as well
as relatively low mobility of these particles.!>) Compared with
other widely used DUV sources, AlGaN-based DUV LDs are
compact, long-lasting, and environmentally-friendly. For III-
nitride LDs, the electron has much higher mobility than the
hole, whereby it tends to flow over the active region into the
p-type layers.[®! These overflown electrons do not contribute
to the radiative recombination occurring in the active region.
Thus, they are underutilized. Additionally, these electrons
can recombine with the holes in the p-type regions, which
will reduce the hole injection efficiency.!”:8! Such an electron
overflow and a low radiative recombination rate are the ma-
jor factors responsible for the lower laser power, which can
be improved by introducing a barrier for electrons located just
above the quantum well (QW). This barrier, which is also of-
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ten called a decomposition preventing layer, will stop these
electrons from leaving the p-type layer,®! which should stop
InGaN QW decay if it is overgrown with the other p-type
material. In later studies, this barrier was called an electron
blocking layer, and it became essential for all optoelectronic
devices based on metal-nitride semiconductors.!'”! P-doped
metal nitrides (for example by Mg) region and mixed metal
nitride with high Al content might have lower hole injection
efficiency in the active region, which negatively affects LD
performance. To solve the problems associated with this is-
sue, several solutions were proposed for DUV LDs. Most of
them focused on the EBL layer design, such as AIGaN/GaN
EBL with a superlattice structure!' ! and simple AlGaN-based
EBLU?! both with gradual Al content transition, quaternary
AlInGaN-based EBL,'3'¥1 multiple quantum barrier Alln-
GaN/GaN EBL!"! as well as step-graded AlGaN EBL. !0 To
improve the hole injection efficiency, some scientists reported
the implementation of AIGaN/AlGaN superlattice EBL as a
mean of energy band modification for faster hole injection
into the active region.!!”] Other solutions to reduce valence
band barrier also include the using of gradient EBLs!'® and
inverted-V-shaped gradient Al-based EBLs.[""]

While the previous research on EBL enhancement was
important and encouraging, further investigations are still
required to find an effective and straightforward solution
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to suppress electrons’ overflow and enhance hole injection
simultaneously. ! Step-like and Al-composition graded quan-
tum wells have been the reported to provide the better modu-
lation of carrier distribution in the quantum wells to increase
the overlap between electron and hole wavefunction, which
contributes to more efficient recombination of electrons and
holes.[®! Compared with the conventional QB structures, the
step-like QB is promising to demonstrate a better radiative re-
combination rate and larger maximum output power. There-
fore, in this work the carrier concentration and radiative re-
combination rate of different EBLs with step-like QB are com-
pared with each other. The output characteristics of LDs with
different EBL structures are also investigated.

2. Simulation model

Deep ultraviolet Aly s¢Gag 44N/ Al,Ga;_,N single quan-
tum well (SQW) LD structures used in this work are schemat-
ically shown in Fig. 1. The initial structure containing Al1GaN
EBL was a modified laser structure.*’! It consists of two 3-
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layers, and one 3-nm-thick AlgggGag N layer. Based on
this EBL, a step-like QB was adjusted to this LD. The LD
was composed of one 500-nm-thick n-Alg 78Gag 22N cladding
layer, one 100-nm-thick n-A;y75GagrsN waveguide layer,
one 3-nm-thick Alys¢Gap4aN QW layer, two 4-nm-thick
Al,Ga;_,N QB layers (which, in turn, included one 1-nm-
thick A10_72Ga0_28N, one 1-nm-thick A10‘69Ga0_31N and one
2-nm-thick Aly¢6Gag 34N layers), one 15-nm-thick undoped
AlGaN EBL, one 150-nm-thick p-Aly75GagosN waveguide
layer, and one 500-nm-thick p-Alg78Gag >N cladding layer.
During simulations, the cavity length and the laser width were
500 um and 4 pm, respectively. The mirror reflectivity and
background loss were set to be 0.05 and 2400, respectively. Si
and Mg were used as materials for n-type and p-type doping,
respectively. Al and Au were added to the n-type and p-type
contact layers, respectively. The laser structure was designed
by using the Simulastip. Laser performance was analyzed us-
ing Crosslight software. All simulations relevant to DUV LDs
were performed for room temperature.
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Fig. 1. (a) Schematic diagram of ultraviolet laser diode epitaxial layer structure. (b) Cross-sectional and Al composition profiles of reference QB and step-like
QB with different amounts of Al content based on DUV LD emitting at ~ 270 nm. Reference QB has no grading.

3. Results and discussion

The profile of electron concentration distribution and
hole concentration distribution within SQWs are shown in
Figs. 2(a) and 2(b), respectively. It can be seen that both elec-
tron and hole concentration of the LD using step-like QB are
higher than those of LD using reference QB.!*!! Figure 2(c)
shows the radiative recombination of AlIGaN SQW LDs with
reference QB and step-like QB as a function of their corre-
sponding vertical position. Holes and electrons tend to shift
the QW, thus resulting in an enhanced electron—hole wave-
function overlap. The step-like QB causes the higher radia-
tive recombination in the quantum well and leads the elec-
trons and holes to greatly accumulate in the quantum well
compared with the reference QB. The reference QB and step-
like QB each reach their maximum in the middle of their cor-
responding quantum well, specifically ~ 2.4 and 3.7 respec-

tively. This, in turn, leads to a higher radiative recombination
rate, and, as a result, to better output power. The light output
for DUV LDs containing either reference-like QB or step-like
QB is shown in Fig. 2(d). The AlGaN SQW with step-like QB
structure shows that the output power and slope efficiency are
higher than those of the LD containing reference QB. When
the reference QB is replaced by the step-like QB, the output
power significantly improves because of the enhanced radia-
tive recombination rate. The maximum output power of the
step-like QB and reference QB are 85.69 W and 65.92 W, re-
spectively. When reference QB reaches its maximum value,
the output power of step-like QB becomes 66.86 W under the
same current. The slope efficiency of step-like QB is increased
by ~ 1.5% compared with that of the reference QB. Threshold
voltage and current as well as resistance slightly increase (see
Fig. 2(d)), possibly owing to the increase of Al in step-like

QB.

017301-2



Chin. Phys. B Vol. 29, No. 1 (2020) 017301

22

— reference QB
—— step-like QB

o
g
]
~
= 20
9
gel
5 18
ie
=}
¢ 16
5
© 14
=
o
5 12
&)
<
© 10+ QB QB EBL
B0 1 TP TP NP TS PR RPN
S 600 602 604 606 608 610 612 614
Distance/nm
— reference QB
54— steplike QB (c)
Z N> step-like QBpax=3.7
:l::m 3r /</reference QBuax =24
S5 ol
O >~
)
0N
>
B 1r
=
el
g 0
~ n-AlGaN SQW EBL
595 600 605 610 615 620
Distance/nm

Log(hole concentration)/cm?

22

——reference QB

20l ——step-like QB

18

16
14
12
10r__ QB QB EBL
600 602 604 606 608 610 612 614
Distance/nm
0 reference QB POWer = 85.69 W, 90
Iy =92.54 mA, V;,=4.70 V 180
—1F sE=3.28 W/A, R=469
—— step-like QB (d) 470
= —2F [, =127.98 mA, V;, =4.74 V 160
S [ SE=3.33 W/A, R=519 #0509 Wi, E
= 4t 140 &
o o
> {30 Ay
—5F
420
—6r 110
_7 1 1 1 1 1 0
0 5 10 15 20 25

Current/A

Fig. 2. (a) Electron concentration distribution, (b) hole concentration distribution, (c) radiative recombination rate distribution near SQW
region, and (d) light output characteristics as a function of the injection current of DUV LD with reference QB and step-like QB.

Fig. 3. Schematic diagram of the four EBLs with different Al-composition
graded structures.

Compared with the LDs containing reference QB, radia-
tive recombination rate, output power, and slope efficiency of
LDs containing step-like QBs are significantly enhanced. The
electron blocking layer is an important part of the laser struc-
ture. Therefore, in the next set of experiments the step-like
QB is used to study the photoelectric properties of LDs con-
taining four different EBLs, the structures of which are shown
in Fig. 3. First, the optical confinement factor for LDs based
on samples A, B, C, and D are simulated. Figures 4(a)-4(d)
show the refractive index profiles (right axis) and optical field
distributions (left axis) for the fundamental waveguide mode

of samples A-D, respectively. The optical confinement factors
for the four samples are similar to each other. However, sam-
ple C shows slightly higher value (equal to ~ 0.701). Larger
optical confinement factor is equivalent to a higher photoelec-
tric conversion efficiency. It can directly affect the output effi-
ciency of the LDs. The slight improvement of the optical con-
finement probably occurs because of the larger refractive index
between the active region and the electron blocking layer. The
energy band diagram near the MQWs is calculated by self-
consistently considering both spontaneous and piezoelectric
polarization fields included in the Crosslight software.

Figure 5 shows the band diagram of samples A,*?1 B,[?!
C,2% and D**! near the electron blocking layer. The grad-
ing significantly affects the slopes of the EBL conduction and
valence bands. The electron effective potential height will in-
crease when AlGaN with high Al content is placed near the
active region. The conduction band for the samples A and
D are the highest, which leads the electrons to be effectively
confined in a more active region. On the contrary, the hole ef-
fective potential height of the EBL will decrease which means
the better ability to promote holes passing through the EBL
to the active region. Additionally, The EBL grading can sig-
nificantly modify the EBL conduction and valence band offset
(E. and E,, respectively) since the last QB is located near the
EBL. The E. value for the electron blocking in samples A, B,
C, and D are 453, 311, 310, and 453 meV, respectively. The
E, values, which are typically related to the hole diffusion, are
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75, 81, 83, and 75 meV for the samples A, B, C, and D, respec-
tively. Samples A and D demonstrate similar E; and E, values
mostly because their active regions are the same. Thus, it will
be easy to predict the same electron overflow and the same

hole concentration in the SQW for these two samples. Com-
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pared with samples A and D, the effective potential height for
the electron of the sample C is low (310 meV), which is ben-
eficial for the increase of the electron leakage and the hole
consumption in the p-type layer. This hole injection efficiency

is expected to be weaker.
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Fig. 4. Optical field distribution (left axis), and refractive index profile (right axis) for LDs with different EBLs: samples (a) A, (b) B, (c) C, and (d) D.

samle A
—valance band
—-conduction band

6 L
> _""w
2 E.=453 meV
E:>5 54
£
<
£l 1 -_/‘)—\\'\

E, =75 meV

samle B
—valance band
—conduction band

Energy/eV

(a) eleteleielaiapa o I (b)y R ==
0 1 1 1 1 1 1 1 0 L L L { L L L
595 600 605 610 615 620 625 630 595 600 605 610 615 620 625 630
Distance/nm Distance/nm
7 7
samle C samle D
—valance band —valance band
6 _—Conduction band 6 _—conduction band
2 E L~
= >
19} o0 5% ] P
= )
g =]
= S J——\N
E, =75 meV
(c) .:‘::::::..::'":.. (d) e
0 . . i . : 0 . . JX : ;
595 600 605 610 615 620 625 630 595 600 605 610 615 620 625 630
Distance/nm Distance/nm

Fig. 5. Band diagrams of active regions and EBLs of samples (a) A, (b) B, (c) C, and (d) D, with cyan area indicating the EBLs with conduction
and valence band offsets E. and E, .

Electron current, injected from the n-type layers into the
active region and then overflown into the p-type layers, is
viewed as an electron leakage current (see Fig. 6(a)). The elec-

tron leakage current is inversely proportional to the electron

barrier height (see Fig. 5). Thus, samples A and D possess
lower leakage currents because of their higher electron poten-
tial heights. Electron leakage value for samples A, B, C, and D
are 13.31, 15.34, 15.56, and 13.28, respectively. These values

017301-4



Chin. Phys. B Vol. 29, No. 1 (2020) 017301

indicate that samples A and D can substantially facilitate elec-
tron transport and injection. Similarly, the holes, which diffuse
from the p-type layers into the active region and then overflow
into the n-type layers, are viewed as the hole diffusion. Cor-
responding values for our four samples differ from each other
only slightly. Sample A has the highest hole diffusion coeffi-
cient. Radiative recombination rate within the active regions
of samples A and D are higher than that of samples B and C
(see Fig. 6(b)). The radiative recombination rate of sample D
is 0.04 higher than of that of sample A. Sample D has the high-
est radiative recombination rate in all the four samples, which

is confirmed by its spontaneous emission rate.

16.0 —s—celectron leakage (a) 16.35

| —a—hole diffusion

15.5

15.0

145 416.25
14.0
16.20
13.5

13.31

16.18

L L L 13,28
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13.0 16.15
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Sarrllple A Sarrllple B Sanllple C Sarrllple D
EBLs

Radiative recombination

Fig. 6. (a) Logarithmic electron concentration and logarithmic hole concen-
tration, and (b) peak radiative recombination rate in the middle QW of active
region of samples A, B, C, and D.

Table 1 shows the output characteristics of LDs fabricated
by using samples A—D. LDs containing samples B and C each
show a lower threshold current than LDs containing samples A
and D because of higher electron leakage. The threshold cur-
rent value for samples A, B, C, and D are 132.1, 128.4, 127.8,
and 133.9 mA, respectively. Because samples A and D possess
the higher radiative recombination rates they also show higher
slope efficiencies. Sample A exhibits the best performance in
terms of its maximum output power, specifically, ~ 94.36 W.

Table 1. Output characters of LDs for samples A, B, C, and D.

Types Im/mA  Vp/V SE/(W/A) R/mQ  Powery,x/W
Sample A 132.1 4.589 3.332 54.0 94.36
Sample B 1284 4591 3.331 50.3 93.93
Sample C 127.8 4.738 3.331 52.3 85.70
Sample D 133.9 4.591 3.332 54.0 89.99

4. Conclusions

Performance characteristics of the deep ultraviolet Al-
GaN/AlGaN SQW LD emitting at 270 nm are simulated and
optimized by using Crosslight software. To improve the carrier
concentration and radiative recombination rate of deep ultravi-
olet Al1GaN/AlGaN SQW LDs, different structures of quantum
barrier and AlGaN EBL are simulated. The simulation results
show that the implementation of a step-like QB improves the
radiative recombination rate and maximum output power. For
LDs with EBLs containing different amounts of Al content,
the placement of AlIGaN with high Al content close to the ac-
tive region causes higher effective potential height for electron
and lowers electron current leakage, which enhances radiative
recombination.
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